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Introduction
The haemeoxygenase-1 (HO) system is the primary pathway present in many tissues to catalyze the oxidation of heme, a potentially harmful pro-oxidant, to the biologically active molecules biliverdin, iron and carbon monoxide (CO) [1, 2] . To date, two main distinct isoforms of HO have been identified: HO-1 and HO-2. HO-2 is constitutively expressed and HO-1 is an inducible form that is upregulated in response to oxidative stress, exerting cytoprotective effects against oxidative insults [3] .
It has been shown that upregulation of HO-1 increases adiponectin secretion by remodeling adipose tissue in obese and diabetic rats [4] [5] [6] . These proteins function synergistically in modulating the metabolic syndrome phenotype, and the association between them has led to the proposal of the existence of an HO-1/adiponectin axis [7] [8] [9] . Adiponectin, a cytokine secreted by adipose tissue, has been shown to possess a vascular protective role by preserving endothelial cell function through activating the AMP-activated kinase (AMPK)-phosphatidylinositol 3-kinase (PI3K)/Akt-endothelial nitric oxide synthase (eNOS) pathway and increasing nitric oxide (NO) production in obese and diabetic subjects [10, 11] . Our previous study also found that HO-1 induction with CoPP improves FFA-induced endothelial dysfunction in the rat aorta by activation of the AMPK-PI3K-eNOS pathway as a result of increased adiponectin levels [12] . However, it is still unclear whether upregulation of HO-1 has a direct beneficial effect on endothelial function in obesity besides the effects via regulating adiponectin levels. Therefore, in this study, we investigated whether upregulation of HO-1 directly improves endothelial function independent of adiponectin changes in obese rats and, if so, the potential mechanisms involved. Therefore, we used cobalt protoporphyrin (CoPP) to induce HO-1 and examined the effects of CoPP on endothelial function in the thoracic aorta isolated from high-fat diet-induced obese rats in vitro. We also examined the effects of the AMPK, PI3K and eNOS inhibitors on endothelial function. To verify that the effects of CoPP were because of increased HO-1 activity, we also treated the aorta concurrently with stannous protoporphyrin (SnPP) to inhibit HO-1 activity.
Materials and Methods

Materials
CoPP and SnPP were purchased from Frontier Scientific, Inc. (Logan, UT, USA). Norepinephrine (NE), acetylcholine (Ach), sodium nitroprusside (SNP), nitro-L-arginine methyl ester (L-NAME) and Compound C were purchased from Sigma (St. Louis, MO, USA). Antibodies for western blot analysis were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Adiponectin and high-sensitivity C-reactive protein (hs-CRP) assay kits were purchased from Uscn Life Science Inc. (Wuhan, China). HO-1 assay kit was purchased from Stressgen-Assay Design (Ann Arbor, MI, USA). NO and malondialdehyde (MDA) assay kits were purchased from Beyotime Biotechnology (Beijing, China). Serum TNF-α enzyme-linked immunosorbent assay (ELISA) kit was purchased from R&D Systems (Minneapolis, MN, USA). Serum levels of adiponectin and hs-CRP were measured by ELISA (Uscn Life Science Inc.).
Experimental animals
All experimental animals were housed and received approval of the Institutional Animal Care and Use Committee (IACUC). The study conformed to the Guide for Care and Use of Laboratory Animals published in the Belgian Regulations. Eight weeks old male Wistar rats (specific pathogen-free quality) were purchased from Shandong Lukang Pharmaceutical Limited Company (Jining, China). All rats were randomly divided into a normal control (NC) group and an obesity (OB) group. The NC group was fed a regular diet (330 kcal/100 g) and the OB group was fed a high-fat diet (493 kcal/100 g) [13] . All rats were housed under standard laboratory conditions with free access to water and food for 10 weeks. Body weight and food intake were monitored weekly. After 10 weeks, the rats were anesthetized with an intraperitoneal injection of sodium pentobarbital (60 mg/kg). The blood was collected from the heart, and the visceral fat (VF including epididymal fat, perirenal fat and mesenteric fat) was harvested and weighed. 4 , 25 mM NaHCO 3 , 2.5 mM CaCl 2 , 5.5 mM dextrose) free of adherent fat and connective tissue and cut into 3-mm long rings to measure endothelial function, as described previously [13] [14] [15] . Then, the vascular rings were mounted on two steel wires and immersed in individual organ chambers filled with 20 mL of K-H solution at 37°C and linked with a force transducer (PowerLab, ADInstruments, Castle Hill, NSW, Australia). To study the direct effects of HO-1 upregulation on the vascular function of obese rats, vascular segments of control rats and obese rats were incubated in an organ bath in the presence of CoPP (20 uM) or CoPP plus SnPP (20 uM) . The rings were equilibrated for 60 min with a preload of 1.0 g. Tissues were washed every 30 min with K-H solution. Subsequently, all rings were first contracted with KCl (60 mM) and rinsed several times in K-H solution. Before addition of Ach (10 −8 to 10 −4 mol/L) or SNP (10 −8 to 10 −4 mol/L) to the solution for assessment of the endothelium-dependent vasodilatation (EDV) and endothelium-independent vasodilatation (EIV) of the rings, NE (1 µM) was added to induce pre-contraction. The collected data were used to prepare concentration-relaxation response curves.
Plasma measurements
The plasma glucose level was measured by the glucose oxidase method. The plasma free fatty acids (FFA) level and serum lipids profile including total cholesterol (TC), triglycerides (TG), and malonic dialdehyde (MDA) were measured with colorimetric assays. Serum levels of TNF-α, hs-CRP and adiponectin were measured by ELISA.
Total NO production and eNOS activity measurement Total NO production (the concentration of nitrite and nitrate) by aortic segments was determined by a modified Griess method, as described previously [16, 17] . Briefly, after Ach (10 −4 M) was added, 100 µl of K-H solution taken from the bath were mixed with 100 µl of modified Griess reagent. After incubation at room temperature, the NO concentration was spectrophotometrically determined at 540 nm according to the manufacturer's instructions. The values were estimated per amount of dry weight of the tissue. Endothelial eNOS activity was determined by measuring the conversion of L-arginine to L-citrulline as described previously [18] .
HO activity, HO-1 concentration and superoxide anion measurement
After the organ bath experiment, HO activity was assayed in aortic homogenates as described previously. Briefly, spectrophotometry was used to measure the concentration of bilirubin, the end product of heme degradation, by calculating the difference in absorption between 464 and 530 nm. HO-1 concentration was determined by ELISA according to the manufacturer's instructions. Aortic superoxide anion production was measured using the lucigenin chemiluminescence method as described previously [19] . Superoxide production was expressed as counts per minute per milligram aortic tissue.
Immunohistochemistry
After the organ bath experiment, the aorta was fixed in formalin and used for nuclear transcription factor kappa B (NF-κB p65) immunohistochemistry. Sections (5 µm) were deparaffinized in xylene, rehydrated in ethanol, and then quenched in 3% H 2 O 2 solution for 10 min at 37°C before restoring antigen retrieval. The sections were then incubated with the NF-κB p65 antibody followed by a secondary antibody. The slides were stained with 3,3′-diaminobenzidine and counterstained with hematoxylin. The number of NF-κB p65 positive nuclei and cells was analyzed using Image-Pro plus 6.0 software.
Western blot analysis
Equal amounts of total protein extracts from the endothelial cells were electrophoresed in 10% SDS-PAGE, probed with different primary antibodies (anti-AMPK, anti-p-AMPK, anti-Akt, anti-p-Akt, anti-eNOS and anti-p-eNOS, Ser 1177), and then incubated with the appropriate secondary antibodies. The protein expression levels were quantified using the Pro-plus 6.0 image-processing system. Han 
In vitro and signaling pathway studies
To investigate whether the AMPK-PI3K/Akt-eNOS pathway is required for the effect of CoPP on EDV in obese rats, the aortic rings obtained from obese rats were incubated in an organ bath containing K-H solution with CoPP in the presence or absence of the following specific inhibitors of candidate pathways: (1) 20 µM AMPK-specific inhibitor, compound C, which competes with ATP-binding sites (2) 30 µM PI3K inhibitor, LY294002 [20] , which inhibits PI3K activity via competitive inhibition of an ATP binding site on the p85α subunit; (3) 10 −4 M, L-NAME (Sigma), an analog of arginine that inhibits NO production. After 60 min incubation, the aortic rings were pre-contracted with NE (1 μM), followed by Ach (10 
Statistical analysis
All data were subjected to one-way ANOVA statistical analysis using the SPSS 16.0 statistical package, and data are expressed as mean ± SD. The Student-Newman-Keuls method was used to detect significant differences in the intergroup comparisons. p < 0.05 was considered statistically significant.
Results
Biometric and blood parameters of rats After 10 weeks, the rats in the OB group exhibited increased body weight, visceral fat and visceral fat index (visceral fat/body weight), compared with the rats in the NC group (Table 1) . No significant difference was found in the plasma glucose between the two groups (p > 0.05). As expected, the plasma FFA levels and the serum levels of hs-CRP and MDA were elevated, and the serum adiponectin levels were lower in the OB group compared with those in the NC group (p < 0.05) ( Table 2) .
Effect of HO-1 induction on HO activity and HO-1 concentration
HO activity and HO-1 concentration in the aorta were measured (Fig. 1) . We observed a notable decrease in HO activity and HO-1 concentration in the obese rats compared with those in the control rats (p < 0.05). However, induction of HO-1 with CoPP increased HO Table 1 . Biometric parameters of Rats in the two Groups (n=8). Data are shown as mean ± SD * P<0.01 vs NC group Fig. 1. HO activity (A) and HO-1 concentration (B) of the aorta `from the studies groups. n = 7-8 vascular segments/group from 7-8 rats. NC, aorta rings from the control rats; OB, aorta rings from the obese rats; CoPP, aorta rings from the obese rats incubated with CoPP; SnPP, aorta rings from the obese rats co-incubated with CoPP and SnPP. Data are shown as mean ± SD. *P < 0.05vs NC group; # P <0.05 vs OB group;
activity and HO-1 concentration. These effects were abolished by co-incubated with SnPP (p < 0.05).
Effect of HO-1 induction on Endothelial Function
As expected, Ach-induced EDV was significantly attenuated in the obese rats, compared with the NC group (p < 0.05). However, this attenuation decreased when the ring segments of the obese rats were incubated with CoPP, and this effect was reversed by co-incubation with SnPP. When the ring segments of the control rats were incubated with CoPP or co-incubated with CoPP and SnPP, no significant differences in EDV were found. No significant differences in SNP-induced EIV were found between these groups (Fig. 2) .
Effect of HO-1 induction on NO production, eNOS activity and superoxide anion production
To determine whether HO-1 upregulation increases endothelium-derived NO production, we measured NO levels in the absence or presence of CoPP. The NO concentration and eNOS activity were significantly lower in the obese rats compared with those in the control rats (p < 0.05). However, the NO levels and eNOS activity in the obese rats treated with CoPP substantially increased compared with those in the obese rats incubated in the absence of CoPP and in obese rats incubated in the present of SnPP (p < 0.05; Fig. 3 A-B) . In addition, the NO levels in the obese rats treated with CoPP were significant reduced when the aorta were pretreated with Compound C or LY294002 compared with those in the obese rats treated with CoPP (p < 0.05). We also observed an increase in superoxide anion production in the obese rats compared with those in the control rats (p < 0.05). However, induction of HO-1 with CoPP decreased superoxide anion production. These effects were abolished by co-incubated with SnPP (p < 0.05; Fig. 3 C) . Table 2 Blood parameters of Rats in the two Groups (n=8). Data are shown as mean ± SD. TG, triglyceride; FFA, free fatty acids; MDA, malondialdehyde; hs-CRP, high-sensitivity c-reactive protein; * P<0.01 vs NC group Fig. 2 . Vasorelaxation response of thoracic aorta rings to Ach (A) and SNP(B) in the studied groups. Relaxation expressed as percentage of maximal NE-induced vasoconstriction. n = 7-8 vascular segments/group from 7-8 rats. NC, aorta rings from the control rats; OB, aorta rings from the obese rats; NC +CoPP, aorta rings from the control rats incubated with CoPP; NC +SnPP, aorta rings from the control rats co-incubated with CoPP and SnPP; CoPP, aorta rings from the obese rats incubated with CoPP; SnPP, aorta rings from the obese rats co-incubated with CoPP and SnPP; Data are shown as mean ± SD. *P < 0.05vs NC group. # P < 0.05 vs OB group. Han 
Effect of HO-1 induction on NF-κB p65 expression
Immunohistochemistry showed increased NF-κB p65 expression in the aorta of obese rats compared with that in the control rats (p < 0.05). However, upregulation of HO-1 with CoPP partly decreased the NF-κB p65 expression (p < 0.05; Fig. 4) .
Effect of HO-1 induction on the AMPK-PI3K/Akt-eNOS pathway in endothelial cells
To investigate the mechanism of HO-1 upregulation in modulating vascular function in obese rats, total and phosphorylated AMPK, Akt and eNOS expression was examined. As shown in Figure 5 , upregulation of HO-1 with CoPP increased the phosphorylation of AMPK, Akt and eNOS in obese rats (p < 0.05). However, no significant differences were observed when the rats were co-treated with CoPP and SnPP (p > 0.05).
Signaling pathway studies
As shown above, pre-incubation of vessels from obese rats with CoPP significantly increased EDV, compared with the control rats. However, this beneficial effect of CoPP was partly attenuated in the presence of 20 µM compound C, 30 µM LY294002, and 10 −4 M L-NAME (Fig. 6) . No statistical significance in EIV was observed among the different groups (data not shown). 3 . Effect of HO-1 induction on total NO production (A), eNOS activity (B) and superoxide production (C) from the studies groups. n = 7-8 vascular segments/group from 7-8 rats. NC, aorta rings from the control rats; OB, aorta rings from the obese rats; CoPP, aorta rings from the obese rats incubated with CoPP; SnPP, aorta rings from the obese rats co-incubated with CoPP and SnPP. Data are shown as mean ± SD. *P < 0.05vs NC group. # P < 0.05 vs OB group. 
Cellular Physiology and Biochemistry
It has been well established that obesity is an independent risk factor for cardiovascular disease. Integrated endothelium plays a critical role in protecting the vasculature against atherosclerosis. Endothelial dysfunction, mainly endothelial-dependent vasorelaxation, has been observed in obesity-associated metabolic syndrome [10, 21] . In our study, EDV was significantly impaired in diet-induced obese rats, but the EIV response to SNP did not change, which is consistent with previous studies [13, 14, 22] . Several risk-independent factors have been shown to be involved in the mechanism by which obesity influences endothelial dysfunction, such as high FFA levels, low adiponectin levels, chronic inflammation and oxidative stress, all of which impair endothelial NO production [10, 23] . In this study, we also found that in diet-induced obese rats compared with control rats, abdominal adiposity was obvious, plasma FFA levels and serum levels of hs-CRP and MDA were elevated, and serum adiponectin levels were lower, indicating a successful obesity model.
HO-1, a stress response protein, can be induced by various oxidative insults. Numerous studies have shown that HO-1 induction is an important cellular protective mechanism against oxidative injury in obesity and diabetes-induced cardiovascular disease [24, 25] . HO-1 induction increased circulating adiponectin levels by remodeling adipose tissue in obese and diabetic rats [4, 5] , and the association between these proteins has led to the proposal of the existence of an HO-1/adiponectin axis [8, 9] . It has been shown that HO-1 induction could improve endothelial function by increasing circulating adiponectin levels through the HO-1/adiponectin axis, which may independently protect against endothelial dysfunction in obesity through activation of the AMPK/PI3K/eNOS pathway and NO production [10, 26] . However, it is still unclear whether HO-1 induction has a direct beneficial effect on endothelial function in obesity besides the effects involving regulation of adiponectin levels. In our study, incubation of the ring segments of the obese rats with CoPP, an HO-1 inducer, significantly improved Ach-induced EDV in vitro, and this effect was reversed by incubation with the HO-1 inhibitor, SnPP. These results suggest that induction of HO-1 could directly restore impaired aortic endothelial function in high-fat diet-induced obese rats, independent of increasing adiponectin levels.
It is known that impaired EDV in obese rats arises from decreased production and/ or bioactivity of NO induced by eNOS phosphorylation [15, 27] . In the present study, we found that induction of HO-1 with CoPP significantly enhanced eNOS phosphorylation and total production of NO by thoracic aortic rings compared with that by rings from obese rats without CoPP pre-incubation. These changes were not observed when the aortic rings were incubated with the HO-1 inhibitor, SnPP. In addition, this CoPP beneficial effect on endothelial function was partly attenuated when the eNOS inhibitor, L-NAME, was added in vitro. These results suggest that HO-1 induction could directly improve endothelial function through the eNOS-NO signaling pathway. M eNOS inhibitor (L-NAME). n = 6-8 vascular segments/group from 6-8 rats. Data are shown as mean ± SD. NC, aorta rings from the control rats; OB, aorta rings from the obese rats; CoPP, aorta rings from the obese rats incubated with CoPP; *P < 0.05 vs NC group. # P <0.05 vs OB group. Han 
This study also sought to determine the possible mechanism that underlies the relationship between HO-1 induction and the eNOS-NO signaling pathway in the endothelium. It is known that the HO-1/adiponectin axis can regulate eNOS-NO through the AMPK-PI3K/ Akt signaling pathway [28] . However, whether induction of HO-1 can directly regulate eNOS-NO by activating AMPK-PI3K/Akt in vitro independent of adiponectin is still unknown. As adiponectin cannot be secreted from aorta rings, we incubated the aorta with CoPP in vitro and found that induction of HO-1 with CoPP increased the phosphorylation of AMPK and Akt in the aorta of obese rats. However, no significant differences were observed when the aorta was treated with SnPP. In addition, the beneficial effect of HO-1 induction on EDV was partly attenuated in the presence of AMPK inhibitor, PI3K inhibitor or eNOS inhibitor in vitro. In addition, the NO levels in the obese rats treated with CoPP were significant reduced when the aorta were pretreated with AMPK inhibitor or PI3K inhibitor compared with those in the obese rats treated with CoPP. These results suggest that HO-1 induction can also promote NO production through the AMPK-PI3K/Akt-eNOS pathway independent of adiponectin.
NF-κB is a group of inducible transcription factors and proinflammatory master switch that controls the production of a host of inflammatory factors [29] . NF-κB p65 is a subunit of NF-κB transcription complex, which plays a crucial role in inflammatory responses and is responsible for the strong transcription activating potential of NF-κB. The activation of the NF-κB is then translocated to the nucleus, where it binds to specific sequences of DNA and induces the expression of many inflammatory cytokines. Both inflammation and oxidative stress could reduce NO production by enhancing the oxidation of tetrahydrobiopterin, a critical cofactor of eNOS, in obesity [14] . When there is a tetrahydrobiopterin deficiency, L-arginine produces superoxides rather than NO by eNOS uncoupling, which further reduces NO production [30] . In addition, overproduction of superoxide anions induced by FFA and inflammation leads to oxidative stress, a harmful process resulting in cellular structural damage, which can also quench NO to form peroxynitrite in obesity [14, 31] . In this study, we found that HO-1 induction with CoPP reduced superoxide anion production and NF-κB p65 expression in the aorta of obese rats, and that these effects were abolished by SnPP. Together, these results suggest that HO-1 induction can also promote NO production by reducing inflammation and oxidative stress.
In this study, induction of HO-1 with CoPP directly restored impaired aortic endothelial function in obese rats. However, previous studies have demonstrate that transgenic mice overexpressing HO-1 in vascular smooth muscle cells exhibit worsening not improvement of vascular relaxation [32] . Similarly, mice chronically treated in vivo with CoPP also had worsening of vascular relaxation [33] . It is possible that administering CoPP via incubation of the vessel in a bath solution in vitro may have different effects on vascular relaxation compared with chronic induction of HO-1 in vivo. A possible explanation for this contradiction may be associated with the various actions of the by-products of HO-1 induction on endothelial function under different conditions. However, further studies will be required to elucidate the cytoprotective mechanisms of HO-1 induction on endothelial function.
In summary, this study demonstrated that induction of HO-1 with CoPP directly restored impaired aortic endothelial function in obese rats. The mechanism of this protective effect is related to enhanced NO production, in a manner independent of adiponectin changes, and to reduced inflammation and oxidative stress. The molecular pathways appear to involve, at least in part, the activation of the AMPK-eNOS signaling pathway. These results suggest that besides the HO-1/adiponectin axis, HO-1 induction plays an important role in modulating endothelial function in obesity. Han 
